INTRODUCTION
Protein secretion in bacteria is mediated by a multiprotein complex termed translocase. It consists of the protein-conducting channel SecYEG and the motor protein SecA (for review, see Driessen and Nouwen, 2008) . Posttranslational protein translocation starts with the binding of the mature region of the secretory protein (preprotein) by the molecular chaperone SecB (Hartl et al., 1990) , whereupon it is targeted to the SecYEG-bound SecA . Upon ATP binding to SecA, the signal sequence of the preprotein inserts into the SecYEG channel, and SecB is released. Next, SecA mediates the stepwise translocation of the preprotein through multiple cycles of ATP hydrolysis (Economou and Wickner, 1994; Schiebel et al., 1991 ; van der Wolk et al., 1997).
The functional oligomeric state of SecA during the protein translocation cycle is still a matter of controversy. In solution, SecA forms a homodimer and is expected to exist mainly as a dimer in the cytosol (Akita et al., 1991; Woodbury et al., 2002) . The monomer-dimer equilibrium can shift toward the monomeric form in the presence of certain lipids (Benach et al., 2003; Or et al., 2002) , detergents (Benach et al., 2003; Or et al., 2002) , or synthetic signal peptides (Musial-Siwek et al., 2005; Or et al., 2002) , although signal peptides also have been shown to induce oligomerization of SecA (Benach et al., 2003) . When bound to lipids, SecA is mainly dimeric and can be monomerized by the addition of nucleotides (Bu et al., 2003) . Because SecYEG was not present in any of these studies, it is not clear if these observations are functionally relevant for SecA when actively engaged in preprotein translocation. However, these studies clearly demonstrate the sensitive nature of the monomer-dimer equilibrium of SecA in solution.
Detergent-solubilized SecYEG has been used to determine the oligomeric state of SecYEG-bound SecA, using native gel electrophoresis and size exclusion chromatography. The functional oligomeric state of SecYEG is not known, but it was suggested to be monomeric (Bessonneau et al., 2002; Tziatzios et al., 2004) , dimeric (Bessonneau et al., 2002; Mori et al., 2003; Tziatzios et al., 2004; van der Sluis et al., 2002; Veenendaal et al., 2001) , and tetrameric (Manting et al., 2000; Meyer et al., 1999) . SecA can bind both as monomer or dimer to SecYEG-dimers in detergent solution when the latter is stabilized by crosslinking or by an antibody (Duong, 2003; Tziatzios et al., 2004) . Only monomeric SecA was found on detergent-solubilized SecYEG when a preprotein was trapped in the pore prior to membrane solubilization (Duong, 2003) . Because detergents affect the monomer-dimer equilibrium of SecA (Benach et al., 2003; Or et al., 2002) and because SecYEG is not in its native membrane environment, the exact functional implications of these observations have also remained obscure. The experimental conditions, in particular the SecA concentration, seem to be crucial and may have led to conflicting results on the oligomeric state of SecA bound to SecYEG. When SecA was used at a concentration far below its physiological concentration (5 nM compared to 8 mM), no dimeric SecA was found by chemical crosslinking to bind liposome-reconstituted SecYEG . In contrast, dimeric SecA was detected to bind inner membrane vesicles (IMVs), as shown by chemical crosslinking (de Keyzer et al., 2005; Jilaveanu et al., 2005) and surface plasmon resonance (SPR) (de Keyzer et al., 2005) . Recently, SecA has been crystallized bound to SecYEG in the presence of ADP-BeFx, a structural analog of an intermediate state of ATP hydrolysis (Zimmer et al., 2008) . This structure in which both SecA and SecYEG are monomeric may represent a specific intermediate in the catalytic cycle, but because detergent and high salt were present throughout the crystallization, the conditions employed will favor the dissociation of the SecA dimer.
The oligomeric state of translocation-engaged SecA has also been investigated by activity assays, e.g., the in vitro preprotein translocation and preprotein-stimulated SecA translocation ATPase. Mutants of SecA with a monomer-dimer equilibrium strongly shifted toward the monomer showed a very low translocation activity, or no activity at all (Jilaveanu et al., 2005; Or et al., 2002 Or et al., , 2005 Randall et al., 2005) . On the other hand, chemically crosslinked SecA dimers have been shown to be fully active in protein translocation (de Keyzer et al., 2005; Jilaveanu and Oliver, 2006) . Furthermore, heterodimers formed from active and nonactive SecA monomers were completely inactive (Driessen, 1993) . These studies suggest that dimeric SecA is involved at least in an initial step of protein translocation. Overall, it seems that SecA can bind as a monomer as well as a dimer to SecYEG.
Here, we present an equilibrium method to determine the oligomeric state of proteins when bound to their membrane receptor in a dynamic in vitro system. This method, dual-color fluorescence-burst analysis (DCFBA) was recently employed to determine the pore size of the mechanosensitive channel of large conductance MscL (van den Bogaart et al., 2007a) and the pore-forming mechanism of the antimicrobial peptide melittin from bee venom (van den Bogaart et al., 2007b ) (for DCFBA review see van den Bogaart et al., 2008) . Now, we have used DCFBA to quantitatively measure the binding of SecA to membrane-reconstituted SecYEG at low nanomolar concentration, and to monitor the oligomeric state of SecA when functionally involved in preprotein translocation. The method is based on a quantitative coincidence analysis of the fluorescent bursts that reside from single liposomes containing fluorescently labeled SecYEG and SecA labeled with a second, spectrally separated fluorophore diffusing through the focal volume of a confocal microscope ( Figure 1A ). Our data show that dimeric SecA is driving protein translocation.
RESULTS

SecA Binding to SecYEG and Liposomes Monitored by DCFBA
DCFBA is a fluorescence correlation spectroscopy method wherein the fluorescent bursts that reside from fluorescently labeled proteins that diffuse through the focal volume of a confocal microscope coincide with those from another protein labeled with a second spectrally well-separated fluorophore (Figure 1A) . We determined the binding stoichiometry of SecA to SecYEG using DCFBA and employing a dual-color laser-scanning confocal microscope (LSCM) with 488 and 633 nm lasers for excitation of fluorescein maleimide (FM) and Atto647N simultaneously. The pinholes and laser beams are spatially aligned to a high degree of overlap of the two detection volumes allowing the simultaneous detection of co-migrating fluorophores with single molecule resolution ( Figure 1B) . To employ the method to the protein translocase, the translocation pore SecY C295 EG was labeled with the fluorescent probe Atto647N (647 and 669 nm for excitation and emission, respectively) at the unique cysteine position C295 and reconstituted into 100 nm sized liposomes composed of E. coli lipids. SecA was labeled with FM (494/ 521 nm) at its native cysteine residues. To determine the SecA binding to SecYEG, SecA-FM was incubated with the proteoliposomes bearing SecYEG-Atto647N (SecYEG-Atto-PL), and the fluorescent bursts resulting from SecYEG-Atto-PL and SecA-FM passing through the confocal volumes of the two aligned laser beams were recorded using the scanning mode of the microscope ( Figure 1C ). This allowed identifying the overlap of the fluorescent bursts from SecYEG and SecA ( Figure 1B ) also at very low SecA concentrations when SecA-SecYEG complexes are only infrequently encountered. Thus, the ratio (c) of SecA over SecYEG could be calculated for each individual burst (i) from the overlapping fluorescent bursts using a simple division:
where I SecA and I SecYEG are the fluorescence intensities of the SecA-FM and SecYEG-Atto647N channels, respectively. These are above noise offsets between times t 1 and t 2 . The average ratio (c) of SecA-FM over SecY C295 EG-Atto647N derived from the overlapping fluorescent bursts is an arbitrary unit for the binding stoichiometry of SecA to SecYEG. This ratio was determined as a function of the concentration of SecA-FM, and this resulted in a binding curve ( Figure 2A , dashed line). As a control for binding of SecA-FM to lipids (Benach et al., 2003; Or et al., 2002) , we used empty liposomes composed of E. coli lipids supplemented with the fluorescent lipid analog DiD ( Figure 2B , dashed line). dimer by oxidation with copper phenanthroline (CuPhe) (de Keyzer et al., 2005) ( Figure 3B ). Addition of dithiothreitol (DTT) reduces the disulfide bonds, and SecA can monomerize. The crosslinked SecA was tested in in vitro translocation assays using the fluorescently labeled fusion protein proOmpA-DhfR-Atto550 and urea-treated IMVs of an E. coli strain containing overexpressed levels of SecYEG ( Figure 3A ). Translocated proOmpA-DhfR-Atto550 is protected against an externally added protease and was visualized on SDS-PAGE by fluorescent imaging. Because absorption spectra of FM and Atto550 overlap, proOmpA-DhfR-Atto550 and SecA-FM can be visualized simultaneously ( Figure 3A ). Crosslinked SecA migrates at around 200 kDa, and this state was maintained during the translocation-reaction conditions ( Figure 3B ). The efficiency of proOmpA-DhfR-Atto550 translocation was nearly identical for the crosslinked and non-crosslinked SecA (Figure 3A) , indicating that all subunits of the crosslinked SecA dimer are active. Importantly, under the conditions tested, SecA is the limiting factor, which is evident by a linear increase of the translocation efficiency with the SecA concentration ( Figure 3A , compare lanes 2-4 and 5-6). These observations demonstrate that the fluorescently labeled SecA is active for protein translocation and that SecA is dimeric during protein translocation, at least during a rate-limiting step. However, these experiments cannot exclude that SecA monomerizes at a later step of protein translocation that is not rate limiting.
SecA Binds SecYEG as a Dimer throughout Protein Translocation
To further determine the oligomeric state of SecA when bound to SecYEG, the binding of the covalently crosslinked FM-labeled SecA dimer was compared with the non-crosslinked SecA at low nanomolar concentrations. The binding curves of crosslinked and non-crosslinked SecA obtained by DCFBA are virtually identical, suggesting that the non-crosslinked SecA also binds as a dimer. Both curves saturate at a SecA/SecYEG ratio of approximately 0.3 when the linear nonsaturable binding parameter is subtracted from the fit (Figure 2A ). No significant difference in nonspecific lipid binding of the crosslinked and non-crosslinked SecA-FM was observed, as assayed with E. coli liposomes labeled with the fluorescent lipid analog DiD ( Figure 2B ). The data strongly suggest that the non-crosslinked SecA binds SecYEG as a dimer. To determine the oligomeric state of translocation-engaged SecA, the binding reactions were supplemented with the preprotein proOmpA with (see Fig- ure S1 available online) and without ATP ( Figure S2 ) or with ADP ( Figure S3 ). In all cases the binding curves of the crosslinked and non-crosslinked SecA dimer were identical and saturated at a ratio of about 0.3. The dissociation constants of SecA binding to SecYEG in absence or presence of translocation ligands and nucleotides were derived from the DCFBA-binding curves. Interestingly, the sensitive DCFBA technique allowed the detection of a 2.8-fold increase in the affinity of SecA to SecYEG in the presence of proOmpA ( Figure 2C ; 1.39 ± 0.22 nM and 1.28 ± 0.38 nM for crosslinked and non-crosslinked SecA, respectively, which compares to a value of 3.6 nM in the absence of proOmpA). Addition of proOmpA plus ATP leads to further affinity increase (0.87 ± 0.29 nM and 0.72 ± 0.08 nM for crosslinked and noncrosslinked SecA, respectively). On the other hand, addition of ADP resulted in a 2-fold decrease of the affinity of SecA to SecYEG compared to binding in the absence of translocation ligands and nucleotides (6.6 ± 1.8 nM and 7.02 ± 1.28 nM for crosslinked and non-crosslinked SecA, respectively).
SecA Binds SecYEG as a Monomer in the Presence of High Salt or Urea
We investigated the binding and oligomeric state of SecA at salt concentrations that were previously shown to favor dissociation of the SecA dimer in solution. In the presence of 500 mM NaCl, crosslinked SecA still binds SecYEG with high affinity (Figure 4 ), although with a somewhat reduced ratio (0.27) compared to the binding in absence of NaCl (0.32). In contrast the non-crosslinked SecA binds with a substantially reduced ratio to SecYEG (0.18, Figure 4 ) in the presence of high NaCl. The same 1.5-fold reduced ratio of non-crosslinked SecA binding to SecYEG was observed in the presence of 1 M urea ( Figure S4 ). Considering the crosslinking efficiency of about 70% ( Figure 3B ), the reduction in the ratio suggests that in the presence of 500 mM NaCl or 1 M urea, non-crosslinked SecA binds mostly as a monomer. As anticipated, the unspecific binding of SecA to liposomes in the presence of 500 mM NaCl was significantly reduced, as assayed with empty E. coli liposomes labeled with the fluorescent lipid analog DiD (data not shown). Consequently, the linear parameter in the binding of SecA to SecYEG containing proteoliposomes was reduced. Measuring oligomerization of soluble proteins with low (submicromolar) dissociation constants by standard methods is often limited by low detection sensitivity. Indeed, previous attempts to determine the dissociation constant for SecA dimerization were unsuccessful because of the limited sensitivity of sedimentation velocity centrifugation, yielding estimates in the range of 100 nM (Woodbury et al., 2002 ) to <0.6 mM (Doyle et al., 2000) . Fluorescence cross-correlation spectroscopy (FCCS) enables the detection of heterodimers of protein subunits labeled with two spectrally distinct fluorophores at low nanomolar concentrations (Bacia and Schwille, 2007) . Simultaneously, the concentration of all fluorescent species is determined. A dilution series of a mixture of SecA-Atto488 and SecA-Cy5 with a high degree of dual-color heterodimers was subjected to FCCS measurements to determine the dissociation constant for SecA dimerization. The binding curve resulting from the relative concentration of dual-color SecA heterodimers plotted against the SecA concentration revealed a K d for the dissociation of the SecA dimer of 0.74 ± 0.09 nM ( Figure 5A ). This implies that both dimerization of SecA in solution and binding of dimeric SecA to SecYEG occur at similarly low nanomolar concentration, underlining the importance of dimeric SecA in the translocation cycle. To investigate the influence of NaCl on dimerization of SecA in solution, dual-color SecA (28 nM) was treated with various NaCl concentrations and measured by FCCS. Evidently, the relative concentration of dual-color SecA heterodimers decreased with increasing NaCl concentrations (Figure 5B ). At 500 mM NaCl the vast majority of SecA was monomeric. This observation indicates that SecA only binds SecYEG as a monomer when previously monomerized in solution.
To assay the influence of high salt on the translocation activity of crosslinked and non-crosslinked SecA, we performed in vitro translocation experiments with varying NaCl concentrations. Inhibition of protein translocation was observed at >200 mM NaCl (Figure 6) . Interestingly, the translocation efficiency was affected significantly more with non-crosslinked SecA compared to crosslinked SecA (compare lanes 2-6 with 7-11 in Figure 6 ), demonstrating that stably dimeric SecA is more efficient in protein translocation at high salt concentrations.
Protein Translocation Requires Cycling of SecA
To examine the apparent Michaelis-Menten constant (K M ) of SecA for protein translocation, we performed in vitro translocation experiments with varying SecA concentrations under the same conditions as used in the DCFBA measurements. The translocation of fluorescently labeled proOmpA into proteoliposomes containing SecYEG saturated at high nanomolar concentration with an apparent K M of 106 ± 16 nM (Figure 7) . Compared to the high binding affinity of SecA to SecYEG, this relatively low apparent K M demonstrates that an excess of SecA is necessary for efficient protein translocation. 
DISCUSSION
Measuring the quaternary structure and high-affinity binding of ligands to their membrane receptors under physiologically relevant conditions has been a challenge up to date. The low detection sensitivity for proteins as well as the handling of membrane proteins, detergent-solubilized or embedded in an elastic and sensitive membrane environment, have hampered such analysis. Here, we employ DCFBA to probe the quaternary structure of the motor protein SecA when bound to its membrane-embedded receptor, the protein-conducting channel SecYEG. Simultaneously, the method allowed the determination of the binding affinity of SecA to SecYEG for various steps of the translocation cycle.
In this study we show by employing an in vitro translocation assay that crosslinked (covalent dimer) and non-crosslinked (noncovalent dimer) SecA have identical activity, yet being the limiting factor. This result demonstrates that, at least during the rate-limiting step, SecA is dimeric in protein translocation. To investigate whether SecA monomerizes at a later, nonratelimiting, step of the translocation cycle, we used fluorescently labeled SecA in the crosslinked and non-crosslinked form for a binding assay followed by DCFBA. The average ratio of SecA over SecYEG as determined from the binding curves was virtually identical for all translocation conditions (no translocation ligands, preprotein, preprotein plus ATP, ADP), which implies that non-crosslinked SecA also binds as a dimer (Figure 2 ; Figures S1-S3 ). Previous studies concluding that SecA functions as a dimer (de Keyzer et al., 2005; Driessen, 1993; Jilaveanu and Oliver, 2006) were recently opposed by a crystal structure of a monomeric SecA-SecYEG complex (Zimmer et al., 2008) from Thermotoga maritima. However, this structure was obtained in detergent and at high salt concentration, both conditions that favor dissociation of the SecA dimer (Benach et al., 2003; Or et al., 2002; Woodbury et al., 2002 ) (this study). Interestingly, the residues mediating dimerization of E. coli SecA (Papanikolau et al., 2007) are highly conserved, and the corresponding residues of the T. maritima SecA are exposed to the cytoplasmic surface in the SecYEG-bound state (Zimmer et al., 2008) (compare Figures 8A and 8B ). Therefore, it is possible that a second SecA protomer associates with these structurally conserved motifs of SecYEG-bound SecA. We visualized such SecA dimer by docking a duplicated copy of the T. maritima SecA protomer onto the SecA-SecYEG structure ( Figure 8C ) using the coordinates of the E. coli dimer ( Figure 8D ). It is likely that the second protomer has a different conformation as the SecYEG-bound protomer because nucleotide binding induces a dramatic structural change in SecA, e.g., rotation of the preprotein-binding domain (PBD) by around 80 (Zimmer et al., 2008) . However, the cytoplasmic surface of SecYEG-bound SecA seems less affected by these changes and readily allowed docking of the second SecA protomer to the conserved dimer interface of the E. coli SecA. Interestingly, in this antiparallel dimer arrangement, the two PBDs come in close proximity, which would enable transfer of preprotein segments from one protomer to the other. However, it should be emphasized that the dimerization interfaces in the crystal structures of various SecA proteins differ substantially (Ding et al., 2003; Hunt et al., 2002; Papanikolau et al., 2007; Sharma et al., 2003; Vassylyev et al., 2006; Weinkauf et al., 2001) , and it remains unclear which dimeric conformation is physiological relevant (for review, see Sardis and Economou, 2010) . Importantly, the orientation of 
. High Salt Sensitivity of Protein Translocation
In vitro protein translocation in the presence of NaCl. Crosslinked SecA (lanes 2-6) is less inhibited by increasing NaCl concentrations than non-crosslinked SecA (lanes 7-11). NaCl concentrations were 0, 200, 350, 500, and 750 mM for lanes 2-6 and 7-11, respectively. Reactions in lanes 1 and 12 were without ATP (digestion controls). Lane 13 shows 5% of input material. Graph represents quantified bands from two independent experiments. Error bars show the spread. 
Structure
Quaternary Structure of SecA the SecA monomer in the SecA-SecYEG structure is not compatible with several of the proposed crystallographic SecA dimers and also contradicts some biochemical crosslinking studies aimed at elucidating the orientation of the SecA dimer. Our model also fits the crystal structure of the B. subtilis SecA dimer (Hunt et al., 2002) . The corresponding residues in the HSD that are involved in dimerization in the B. subtilis SecA dimer are exposed to the cytoplasm in the T. maritima SecASecYEG cocrystal (Figures S5A and S5B) . However, the flexible N terminus of SecA that has been implicated in dimerization of the B. subtilis SecA is oriented toward the membrane in the SecA-SecYEG structure. However, it should be noted that there is conflicting evidence regarding the importance of the N terminus. In one study , an N-terminal deletion in the E. coli SecA led to monomerization and inactivation of SecA, whereas in other studies (Karamanou et al., 2005; Wang et al., 2008) , a similar mutant was found to be dimeric and fully functional. Additionally, the genetically fused head-to-tail (N to C terminus) (Wang et al., 2008) or chemically crosslinked (C to C terminus) SecA dimers (Figure 3 ) (de Keyzer et al., 2005) are fully active in protein translocation. Thus, the involvement of the extreme termini in physiological dimerization remains obscure. The E. coli SecA dimer has also been crosslinked via introduced cysteines at positions 11/611 and 637/801 (Jilaveanu and Oliver, 2006) while retaining some activity and at 636/801 (Or and Rapoport, 2007) , resulting in inactivation of the protein.
The residues 611, 636, 637, and 801 are localized at the binding interface of the T. maritima SecA-SecYEG and, thus, cannot participate both in SecYEG binding and SecA dimerization (Figure S5C) . Hence, both the structure and our model are compatible with this crosslinking data. Similarly, the residues implicated in dimerization of the antiparallel dimer crystallized from M. tuberculosis are close or within the SecA-SecYEG binding interface and, thus, cannot participate in dimerization, as depicted in Figure 8 . Also, the short helix that participates in the formation of the parallel T. thermophilus SecA dimer is oriented sideways in the T. maritima SecA-SecYEG structure ( Figures  S5A and S5B) . Finally, the ringlike structures of membranebound SecA observed by EM are difficult to conceive with our model. Importantly, our model of SecA dimerization is compatible with the T. maritima SecA-SecYEG cocrystal, the E. coli and B. subtilis SecA dimer structures, and is supported by various C-and N-terminal crosslink studies. Furthermore, it combines previous conflicting functional studies that reported binding of monomeric and/or dimeric SecA to SecYEG (de Keyzer et al., 2005; Duong, 2003; Jilaveanu et al., 2005; Or et al., 2002; Tziatzios et al., 2004) . The interaction between SecA and SecYEG may involve only one protomer of the SecA dimer, whereas the second copy does not interact with SecYEG directly, as shown in Figure 8C . Therefore, association of monomeric SecA is also possible, and the relevant quaternary structure of the SecA-SecYEG complex is determined by the sensitive nature of the SecA monomer-dimer equilibrium. We now show that binding of monomeric SecA to SecYEG is salt resistant, whereas binding of the second protomer is salt sensitive (Figure 4) . In earlier studies on the oligomeric state of the SecYEGbound SecA, the experimental conditions varied considerably. The use of detergents (Duong, 2003; Tziatzios et al., 2004) , low protein concentration , or nonequilibrium methods (gel filtration, native gel electrophoresis) may have shifted the monomer-dimer equilibrium of SecA toward the monomeric form. It is well established that an increasing salt concentration leads to monomerization of SecA in solution (Woodbury et al., 2002) . Therefore, to probe the binding of monomeric SecA to membrane-embedded SecYEG, we performed the DCFBA binding assay in the presence of 500 mM NaCl (or 1 M urea). For all conditions, non-crosslinked SecA bound with significantly lower ratio to SecYEG than crosslinked SecA, indicating salt-resistant monomeric SecA binding. Considering a crosslinking efficiency of about 70%, the 1.5-fold lower ratio of non-crosslinked SecA binding to SecYEG at 500 mM NaCl implies that the majority of SecA is bound as a monomer. We performed FCCS experiments with SecA labeled with two spectrally distinct fluorophores confirming that increasing salt concentrations shift the monomer-dimer equilibrium of SecA toward the monomeric state ( Figure 5B ). The salt sensitivity suggests that electrostatic interactions play a critical role in dimerization. Indeed, the E. coli SecA dimer is stabilized by 15 hydrogen bonds, although the primary dimer interface involves hydrophobic contacts (Papanikolau et al., 2007) . Remarkably, Structures of the E. coli and T. maritima SecA and a structural model for the dimeric SecA bound to SecYEG. The dimer interface of E. coli SecA (A, residues in red) (Papanikolau et al., 2007) (PDB accession code 2FSF) is highly conserved and (B) exposed on the cytoplasmic surface of SecYEG-bound SecA of T. maritima (Zimmer et al., 2008) (PDB accession code 3DIN ). Docking of a second copy of the T. maritima SecA onto the monomeric SecYEG-bound protomer (C) using the coordinates of the E. coli SecA dimer (D). The SecA protomers are shown in green and blue, respectively. The T. maritima SecY, SecE, and SecG are shown in purple, yellow, and pink, respectively. Structural models were produced with PyMol (http://pymol.sourceforge.net/). See also Figure S5 . the affinity (K d of 0.74 nM) for dimerization (in solution) is significantly higher than the affinity of SecA for SecYEG. This implies that at SecYEG saturating concentrations, SecA will bind as a dimer. Our quantitative assessment of the dissociation constants indicates that the monomer-dimer equilibrium of SecA in solution determines the oligomeric state of the SecYEG-bound SecA and that SecYEG does not induce SecA monomerization.
DCFBA is based on the quantification of fluorescent bursts that reside from fluorescently labeled proteins diffusing through the two laser foci of a dual-color confocal microscope (Figure 1A) . Co-migrating proteins, labeled with two spectrally distinct fluorophores, will result in fluorescent bursts whose intensities depend on the position within the confocal excitation volume and the number of fluorophores in the complex (Figure 1B) . Thus, changes in the relative stoichiometry of the comigrating proteins can be addressed by quantifying the intensity of overlapping fluorescent bursts and calculating the relative ratio of one color over the other. In comparison with similar methods that use coincidence or burst selection, such as confocal fluorescence coincidence analysis (CFCA) (Heinze et al., 2002; Winkler et al., 1999; Yao et al., 2005) or two-color coincidence detection (TCCD) (Green et al., 2006; James et al., 2007; Li et al., 2003) , DCFBA offers several advantages. Two arbitrary offsets are used to select the overlapping bursts, and not only is the fraction of coincidence revealed, but the relative concentration of co-migrating fluorophores is determined with single-particle resolution. This is particularly important when complexes with a variable number of fluorophores are present, as is the case using liposomes with heterogeneous size distribution and membrane protein content. However, DCFBA underlies a single-particle analysis, and at higher (>20 nM) nanomolar concentration, on average more than one fluorescent species resides in the focal volume, leading to an increasing degree of coincidental co-migration with increasing particle number. Therefore, a concentration-dependent linear increase in comigrating fluorescent particles is observed at high nanomolar concentrations.
The activity of monomeric wild-type SecA, as assayed by in vitro translocation, in the presence of high salt is significantly more inhibited than that of the dimeric, crosslinked, SecA (Figure 6 ). This is in agreement with earlier studies where SecA mutants with the monomer-dimer equilibrium shifted toward the monomeric state had low or no activity at all (Jilaveanu et al., 2005; Or et al., 2002 Or et al., , 2005 Randall et al., 2005) . The increase of translocation activity in the presence of 200 mM NaCl is most likely due to a significant reduction in proteoliposome aggregation, which occurs under in vitro translocation assay conditions as observed by fluorescence microscopy (data not shown). In line with the above observations, in previous studies heterodimers composed of active and nonactive SecA monomers were shown to be entirely inactive (Driessen, 1993) . Overall, our data now show that SecA is dimeric throughout the protein translocation cycle and that monomeric SecA has a low or no translocation activity. Does a single SecA dimer bound to SecYEG mediate the translocation of an entire preprotein, or are repeated cycles of SecA dimer binding and dissociation from SecYEG required for complete translocation? Our data on the in vitro translocation assay with varying SecA concentrations and the affinity cascade of SecA for SecYEG in the presence of translocation ligands provide evidence for a cycling model. Remarkably, the affinity of SecA to SecYEG increases significantly in the presence of preprotein and by the addition of ATP. In contrast, in the presence of ADP, there is a reduction in the binding affinity, confirming previous reports . The apparent K M derived from the in vitro translocation assay with varying SecA concentrations (106 nM, Figure 7 ) is about 30-fold higher than the K d for SecA binding to SecYEG (3.6 nM, Figure 2 ) and even more than 150-fold higher than the K d for the dissociation of the SecA dimer (0.74 nM, Figure 5A ). The large difference between the K d and apparent K M indicates that a single SecA bound to SecYEG is highly inefficient in protein translocation in vitro and suggests that cycles of SecA binding and complete dissociation from the SecYEG channel are required for protein translocation. Our observations support the notion that protein translocation is driven by repeated nucleotide binding and hydrolysis-driven cycles of SecA binding and dissociation (Schiebel et al., 1991; van der Wolk et al., 1997) . Future studies should address the question how the two protomers contribute to the protein translocation reaction during the catalytic cycle of SecA.
EXPERIMENTAL PROCEDURES
Chemical and Reagents FM and DiD were purchased from Molecular Probes (Invitrogen), maleimide derivatives of Atto647N, Atto550, and Atto488 from Atto-Tec (57076 Siegen, Germany), and Cy5-maleimide from GE-Healthcare. Cation exchange chromatography was performed on HiTrap SP HP and gel filtration on Superdex 200 XK26/60 or NAP5 columns from GE Healthcare. HIS-Select Nickel Affinity Gel (P6611) was purchased from Sigma-Aldrich. N-Dodecyl-b-maltoside (DDM) was purchased from Anatrace. E. coli total lipid extract was purchased from Avanti and acetone-ether washed as described elsewhere (van der Does et al., 2003) . Bio-Beads SM-2 adsorbents, Micro Bio-Spin 6, and empty BioSpin chromatography columns were purchased from Bio-Rad.
Protein Purification and Reconstitution
SecB and proOmpA were purified as described elsewhere (Kusters et al., 2010) . SecA was purified via a single-step cation exchange chromatography. Cell-free extract (in 20 mM HEPES-KOH [pH 6.5]) of E. coli DH5a carrying plasmid pMKLl8 (van der Does et al., 2003) grown overnight in LB to OD 0.6 was applied on a HiTrap SP HP column equilibrated with buffer A (20 mM HEPES-KOH [pH 6.5], 10% glycerol). The column was washed with buffer A supplemented with 100 mM NaCl, and elution was achieved by a NaCl gradient in buffer A. SecA eluted around 400 mM NaCl. Prior to labeling with a 20-fold molar excess of FM at pH 7, SecA was incubated for 30 min with a 10-fold molar excess of ZnCl 2 . The labeling reaction was stopped after 3 hr by addition of 1 mM DTT. In order to remove the Zn 2+ , a 10-fold molar excess of EDTA was added, followed by 30-min incubation. Prior to the labeling of WT-SecA with Atto488 and Cy5, Zn 2+ ions were chelated by incubation for 30 min with a 10-fold molar excess of EDTA. Fluorescently labeled SecA was then purified on a Superose 12 column with Buffer B (50 mM TrisHCl [pH 7.6], 10% [v/v] glycerol, 50 mM KCl). Crosslinking of SecA was achieved by incubation with 0.5 mM CuPhe for 30 min at room temperature (RT). To remove CuPhe, SecA was applied on a Micro Bio-Spin 6 gel filtration column equilibrated with Buffer B. SecY (C295) EG purification, labeling with Atto647N-maleimide, and reconstitution into total E. coli lipid extract are described elsewhere (Kusters et al., 2010) . The labeling efficiency of both SecA-FM and SecY (C295) EG-Atto647N was determined by UV-Vis spectroscopy and corrected for the fluorophore absorption at 280 nm, as specified by the manufacturer of the fluorophores. Labeling efficiency was 100% for SecA-FM and approximately 80% for SecY (C295) EG-Atto647N.
In Vitro Protein Translocation
The in vitro protein translocation assays were essentially performed as described elsewhere (Kusters et al., 2010) with the following variations. For assaying crosslinked SecA-FM the translocation mixture contained urea-treated IMVs of E. coli SF100 overexpressing SecY (C295) EG, and 2 mM ATP. Translocation assays were performed in the absence of SecB. Indicated concentrations of crosslinked or non-crosslinked SecA were added to the mixture, and the volume was corrected with buffer B. After 3-min incubation at 37 C, the reaction was started by the addition of 20 mg/ml proOmpA-DhfR-Atto550 (unfolded DhfR domain). For in vitro translocation in the presence of NaCl at RT, a translocation mixture with SecY (C295) EG containing proteoliposomes, 100 nM crosslinked or non-crosslinked SecA, and 20 mg/ml proOmpA-FM was adjusted to the indicated NaCl concentration and incubated for 10 min at RT before the reaction was started by addition of 2 mM ATP and continued for 45 min at RT. The translocation mixture for K M determination was composed of SecY (C295) EG proteoliposomes, 80 mg/ml SecB, 20 mg/ml proOmpA-FM, indicated SecA concentrations, and carried out at RT as described above.
Binding Reactions and Sample Preparation
Binding of SecA-FM to SecY (C295) EG-Atto647N reconstituted into E. coli liposomes was performed as follows. SecA-FM (2-80 nM) was incubated with proteoliposomes containing SecY (C295) EG-Atto647N in buffer C (50 mM HEPES-KOH [pH 7.6], 30 mM KCl, 2 mM MgCl 2 ) for 12 min at RT. For the DCFBA measurements a microscope sample of 10 ml was prepared with a silicone Press-to-Seal spacer (Invitrogen). For the FCCS experiments, equimolar amounts of SecA-Atto488 and SecA-Cy5 were mixed and incubated with 500 mM NaCl for 30 min on ice to dissociate SecA dimers. Buffer exchange to buffer C and formation of SecA-heterodimers were achieved by gel filtration (NAP5 column; GE Healthcare). A 30-min ultracentrifugation at 400,000 3 g ensured the absence of aggregates in the sample.
Fluorescence Spectroscopy, DCFBA, and FCCS Analysis All fluorescence measurements were carried out on a dual-color LSCM. The LSCM was based on an inverted Axiovert S 100 TV microscope (Zeiss) and combined with a galvanometer optical scanner (model 6860; Cambridge Technology). The two laser beams (488 nm, argon ion laser, Spectra-Physics; 633 nm, He-Ne laser, JDS Uniphase) were focused by a Zeiss C-Apochromat infinity-corrected 1.2 NA 403 water-immersion objective. The fluorescence was collected through the same objective, separated from the excitation beams by a beam pick-off plate (BSP20-A1, Thor-Labs), split into two channels by a dichroic beam splitter (585DCXR; Chroma Technology), and finally directed through emission filters (HQ 535/50 and HQ 675/50; Chroma Technology) and pinholes (diameter of 30 mm) onto two avalanche photodiodes (SPCM-AQR-14; EG&G). For the laser-scanning DCFBA (lsDCFBA) (for review see van den Bogaart et al., 2008) measurements, the two aligned laser beams were moved simultaneously with the galvanometer optical scanner through the sample well above the surfaces of the sample holder. Two confocal images (60 3 60 mm) of SecA-FM and SecY (C295) EG-Atto647N containing proteoliposomes were recorded simultaneously. The fluorescent bursts originating from the proteoliposomes and SecA-FM were identified using arbitrary fluorescence offsets as described (van den Bogaart et al., 2008) . Software for DCFBA can be downloaded at http://www.bogeert.com/DCFBA/publish.htm. The dwell time of the laser scanning was 200 ms, and the pixel step was 110 nm. Typically, in four consecutive scans, 100-1000 bursts were recorded for sufficient statistics. A dilution series of SecA-FM was subjected to FCS measurements and confocal scans. The concentration of SecA-FM was calculated from the amplitude of the FCS curve and plotted against the total fluorescence from the corresponding scan. The resulting calibration curve was used to determine the concentration of SecA-FM in the scans from binding assays. The FCCS and data analysis were performed as described elsewhere (Veldhuis et al., 2006) . For the analysis a number of controls were performed to ascertain that quenching does not occur during the measurement. The fluorescent intensity (counts per molecule, cpm) of crosslinked and non-crosslinked SecA as determined by FCS showed identical cpm. Furthermore, the total fluorescence as derived from the confocal scans was comparable for both species at similar protein concentration. The Atto647N fluorophore that is insensitive to environmental changes was attached to a periplasmic loop of SecY, keeping it far away from the cytoplasmic SecA-binding site. This, besides the spectral separation of fluorescein and Atto647N, further diminishes the chance for Fö rstner Resonance Energy Transfer (FRET) between fluorophores on SecA and SecY. Finally, background fluorescence originating from fluorescent molecules diffusing far from the center of the confocal excitation volume and dark current was filtered out by the arbitrary offsets as described (van den Bogaart et al., 2008) .
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